There are multiple isoforms of the Na,K-ATPase in the nervous system, three isoforms of the ␣ subunit, and at least two of the ␤ subunit. The ␣ subunit is the catalytic subunit. The ␤ subunit has several roles. It is required for enzyme assembly, it has been implicated in neuron-glia adhesion, and the experimental exchange of ␤ subunit isoforms modifies enzyme kinetics, implying that it affects functional properties. Here we describe the specificities of antibodies against the Na,K-ATPase ␤ subunit isoforms ␤1 and ␤2. These antibodies, along with antibodies against the ␣ subunit isoforms, were used to stain sections of the rat cerebellum and cultures of cerebellar granule cells to ascertain expression and subcellular distribution in identifiable cells. Comparison of ␣ and ␤ isoform distribution with doublelabel staining demonstrated that there was no preferential association of particular ␣ subunits with particular ␤ subunits, nor was there an association with excitatory or inhibitory neurotransmission modes. Isoform composition differences were seen when Purkinje, basket, and granule cells were compared. Whether ␤1 and ␤2 are specific for neurons and glia, respectively, has been controversial, but expression of both ␤ subunit types was seen here in granule cells. In rat cerebellar astrocytes, in sections and in culture, ␣2 expression was prominent, yet the expression of either ␤ subunit was low in comparison. The complexity of Na,K-ATPase isoform distribution underscores the subtlety of its regulation and physiological role in excitable cells.
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The Na,K-ATPase (sodium and potassium ion-exchanging adenosine triphosphatase) is composed of two different kinds of subunits, ␣ and ␤. Differences in kinetic properties between isoforms have implications for Na ϩ and K ϩ transport rates and hence for cellular excitability and Na ϩ -dependent neurotransmitter uptake. The three ␣ isoforms have shown significantly different affinities for Na ϩ and K ϩ when expressed as transfectants in HeLa cells (Jewell and Lingrel, 1991; Daly et al., 1994) and in different tissues (Sun and Ball, 1992; Therien et al., 1996) . When the two ␤ subunits are paired with the same ␣ subunit, they also cause differences in Na ϩ and K ϩ affinity and ␣-␤ complex stability (Jaisser et al., 1992; Schmalzing et al., 1992; Eakle et al., 1994; Blanco et al., 1995) . The ␤2 subunit [also called adhesion molecule on glia (AMOG)] has been implicated as a receptor target in neuron-glia adhesion as well (Gloor et al., 1990; Müller-Husmann et al., 1993) .
Immunocytochemical localization of the ␣ isoforms in CNS has been reported (McGrail et al., 1991) , but not localization of the ␤ isoforms. In situ hybridization with isoform-specific probes and immunocytochemistry with isoform-specific antibodies have revealed both cell-type specificity in the nervous system and sometimes the coexistence of different isoforms in the same cell.
Although in situ hybridization gives unambiguous positive identification in large neuronal somas, interpretation is limited when label is light or diffusely distributed, and this has given rise to controversies about the cell specificity of Na,K-ATPase isoforms. For example, some neurons express ␣3, but evidence for ␣3 mRNA in the granule cell layer (Schneider et al., 1988; Brines et al., 1991; Hieber et al., 1991; Watts et al., 1991) was not accompanied by unambiguous localization of the protein (McGrail et al., 1991; Cameron et al., 1994) . The question is whether this neuron expresses principally ␣1 or whether it sequesters ␣3 in its axons. Bergmann glia have been proposed to express ␤2 and to use it as an adhesion protein during development (Antonicek et al., 1987) , and mRNA hybridizing with ␤2 and ␣1 probes has been detected between Purkinje neurons where the Bergmann glia cell bodies lie Watts et al., 1991; Magyar et al., 1994) , but detection of the ␤2 protein in Bergmann glial processes has been demonstrated only in postnatal day 6 (P6) animals (Antonicek et al., 1987) . It has been asserted that ␤2 is expressed primarily in astrocytes in the cerebellar granular layer in adult mice (Antonicek et al., 1987) , but in contrast, an antibody now known to react with ␤2 was reported to stain rat cerebellar neurons exclusively (Beesley et al., 1987) . These and similar issues were examined here by immunocytochemical analysis of sections and of granule cells and astrocytes in cell culture.
At the outset of this work, questions had arisen about three anti-Na,K-ATPase antibodies that needed to be settled before they were used as isoform-specific probes. A monoclonal antibody (mAb) originally described as specific for ␣3 in the rat did not recognize authentic ␣3 in the heart; a new ␣3-specific antibody was used here. Two mAbs that have been shown to recognize ␤1 and ␤2, respectively, needed to be checked for cross-reactivity. By characterizing the antibodies and comparing their reactivities by immunofluorescence, we have been able to resolve these issues, arriving at a consensus for the distribution of Na,K-ATPase isoforms in the rat cerebellum as seen with the light microscope.
A third isoform of Na,K-ATPase ␤ subunit, ␤3, has been reported recently (Malik et al., 1996 ; GenBank U51478, D84450, D84448, U59761). Our preliminary results with an isoformspecific antibody against ␤3 indicated that it is present in cerebellum, but at a relatively low level. Thus this isoform was not considered in depth here.
MATERIALS AND METHODS

Gel electrophoresis and immunoblotting
Gel electrophoresis and electrophoretic blotting to nitrocellulose was performed as described previously with slab gels of 7.5 or 10% polyacrylamide and Laemmli buffers (Felsenfeld and Sweadner, 1988) . Blots were quenched with 0.5% Tween 20, stained with primary antibody for 1 hr at room temperature, washed three times, stained with goat-anti-mouse or goat-anti-rabbit HRP-conjugated secondary antibody (Sigma, St. Louis, MO, or Accurate Chemical and Scientific, Westbury, NY) for 1 hr, and washed again. Staining was visualized with luminol reagents (Pierce Chemical, Rockford, IL), followed by exposure to Kodak XAR-5 film. Rat brain microsomes isolated by differential centrifugation (Sweadner, 1988) were used as a positive control for all antibodies at 3 g/lane. Rat kidney microsomes (Jørgensen, 1974) were used as a positive control for antibodies against ␣1 and ␤1 at 1 g/lane. For assessing the specificity of anti-␤ antibodies, the same truncated human ␤1 and ␤2 proteins used for immunization were used for Western blots at 33-100 ng/lane.
Antibodies used
The epitope and isoform specificity were determined for each of the antibodies used here (Table 1) .
␣ antibodies. The antibody specific for ␣1, McK1, was mapped to the sequence DKKSKK near the N terminus (Felsenfeld and Sweadner, 1988) , as confirmed recently with ␣1-␣2 chimeras (Arystarkhova and Sweadner, 1996) . McK1 is a mouse IgG1 raised against purified rat kidney Na,K-ATPase (Felsenfeld and Sweadner, 1988) . The antibody specific for ␣2, McB2, was mapped to the sequence GREYSPAAT-TAENG near the N terminus by binding to a gt11 expression library of ␣2 fragments (T. Pacholczyk and K. J. Sweadner, unpublished data). McB2 is a mouse IgG1 raised against rat brain axolemma Na,K-ATPase (Urayama et al., 1989) . The antibody specific for ␣3, XVIF9-G10 ("16-F9-G10"), is a mouse IgG1 raised against canine cardiac membranes in the laboratory of Dr. Kevin Campbell, University of Iowa (now available from Affinity BioReagents, Golden, CO). It is specific for ␣3, but like McK1 and McB2 it recognizes a sequence close to the N terminus (Arystarkhova and Sweadner, 1996) . In our previous study on cerebellum we used mAb McBX3, which is now known to recognize a post-translational modification found on ␣3 in the rat brain (Arystarkhova and Sweadner, 1996) . Antibodies XVIF9-G10 and McBX3 gave indistinguishable staining patterns in the rat retina (Arystarkhova and Sweadner, 1996) .
␤ antibodies. IEC 1/48 is a mouse IgG1 raised against cultured crypt cells from the small intestine of the rat and shown to react with ␤1 (Marxer et al., 1989) . It was the generous gift of Dr. Andrea Quaroni (Cornell University, Ithaca, NY). IEC 1/48 did not work on blots but stained fixed tissue well. A peptide-directed antibody against the first 12 amino acids of ␤1, antiserum 757, was the generous gift of Dr. W. James Ball Jr. (University of Cincinnati) and was used for blots (Sun and Ball, 1992) . mAb SM-GP50 is a mouse IgG1 raised against a concanavalin A-binding fraction of proteins from rat brain synaptosomal plasma membrane (Beesley et al., 1986 (Beesley et al., , 1987 (the generous gift of Dr. James Gurd, University of Toronto, and Dr. Phillip Beesley, Royal Holloway and Bedford New College, Egham, UK). mAb SM-GP50 has been shown to react with recombinant mouse ␤2 extracellular domain secreted from Chinese Hamster Ovary cells ; it worked well on blots and weakly on fixed tissue. Two polyclonal antibodies were raised against truncated proteins expressed in Escherichia coli encompassing the entire extracellular portions of human ␤1 or ␤2 (Gonzalez-Martinez et al., 1994) ; these are called SpETb1 and SpETb2, and both were used for staining fixed tissue and blots.
Immunofluorescence in sections
Fresh cerebellum was dissected, sliced into pieces no more than 3 mm thick, and fixed by immersion for 1 hr, followed by washing in Dulbecco's PBS for 1-4 hr and soaking in 30% sucrose overnight. In pilot experiments, fixation with 100% methanol and with periodate-lysine-paraformaldehyde were compared for all of the antibodies. For the majority of antibodies, fixation with methanol gave better immunoreactivity, and this is the method used for all of the examples shown. Sucrose-impregnated pieces were embedded in Tissue-Tek and frozen in liquid nitrogen, and cryostat sections of 6 -12 m thickness were cut. Sections were dried at room temperature and stored desiccated at Ϫ20°C until use.
Sections were permeabilized by treatment with Dulbecco's PBS with 5% goat serum and 0.3% Triton X-100 for 30 min. Subsequent incubations were in the same buffer with either 0.1% or no Triton X-100, and incubations with either primary or secondary antibody were performed for 1 hr at room temperature, followed by three washes with buffer with Triton X-100. All of the mAbs were used as cell culture supernatants, at dilutions of 1:2 to 1:10. Secondary antibodies were F(ab) 2 fragments, FITC-, or tetramethylrhodamine isothiocyanate-conjugated goat-antimouse or rabbit IgG (Accurate Chemical and Scientific).
Immunofluorescence in granule cell cultures
Rat cerebellar granule cell cultures were prepared from 7-d-old rats as described previously (Peng et al., 1991) . Briefly, after removal of meninges the tissue was cut into 0.4 mm cubes, incubated with trypsin for 2 min in a calcium and magnesium-free Dulbecco's PBS, centrifuged for 2 min, reintroduced into tissue culture medium, and passed through a nylon mesh with a pore size of 75 m (Falcon cell strainer). Cells were seeded in polylysine-coated 35 mm Falcon tissue culture dishes or on polylysinecoated glass coverslips in 35 mm dishes, using half a cerebellum per dish. Cultures were maintained for 7-8 d in a modified DMEM [24.5 mM KCl, 30 mM glucose, 0.8 mM glutamine, and 7% horse serum (Hyclone, Logan UT)]. For some cultures, cytosine arabinoside was added to a final concentration of 40 M within 2 d of plating to inhibit the growth of dividing cells and reduce the number of astrocytes.
Cultures were washed with Dulbecco's PBS and fixed with 100% methanol for 6 min at Ϫ20°C. They were then washed with the same buffer and left at 4°C at least overnight before staining. Staining was substantially by the same procedures used for sections. Polyclonal and mAbs against glial fibrillary acidic protein (GFAP; an intermediate filament characteristic of astrocytes) were obtained from Sigma for double-labeling.
RESULTS
Antibody specificity
Na,K-ATPase ␤ subunit antibodies from several sources were evaluated for their isoform specificity. To determine whether each antibody reacted exclusively with a single isoform, they were tested for binding to truncated human ␤1 and ␤2 proteins as described previously (Gonzalez-Martinez et al., 1994) . Rat brain and kidney microsomes were used as controls for antibody reactivity. Figure 1 shows the results from the antibodies that worked on Western blots. The polyclonal antibody against ␤1, SpETb1, reacted well with the ␤1 truncated protein and not at all with the ␤2 truncated protein, whereas it reacted with ␤ subunits in both brain and kidney microsomes. The difference in apparent molec- Monoclonal SM-GP50 (Beesley et al., 1986 (Beesley et al., , 1987 
␤2
Polyclonal SpETb2 (Gonzalez-Martinez et al., 1994) ular weight of ␤1 in blots of brain and kidney membranes is known to be attributable to differences in glycosylation (Sweadner and Gilkeson, 1985) . The polyclonal antibody against ␤2, SpETb2, reacted with the ␤2 truncated protein but not at all with the ␤1 truncated protein, and it reacted with a ␤ band in rat brain but not rat kidney preparations. This is as expected, because brain expresses both ␤ isoforms (Mercer et al., 1986; Pagliusi et al., 1989) , whereas kidney expresses only or predominantly ␤1 (MartinVasallo et al., 1989) . The mAb SM-GP50 reacted with the ␤2 truncated protein, confirming the report of Gloor et al. (1992) .
The data here show additionally that it is ␤2-specific, because it did not react with the ␤1 truncated protein or with ␤1 from the rat kidney. Reactivity of all of these antibodies with the truncated proteins expressed in E. coli indicated that the antibodies bind to protein and not carbohydrate epitopes. Because the truncated proteins do not contain the intracellular and transmembrane portions of ␤, all of these antibodies also react with epitopes on the extracellular side of the membrane. The mAb against ␤1, IEC 1/48, did not work on blots, and so could not be tested with the same assay. Its ability to react with ␤1 does not rule out the possibility that it could react with other ATPase gene family ␤ subunits as well; it has been noted to stain the apical ciliary epithelium where no known Na,K-ATPase ␣ subunit is found (Coca-Prados et al., 1991) , as well as the apical surface of the distal colon epithelium (Marxer et al., 1989) where an H,K-ATPase is found. Consequently, its staining pattern in the cerebellum was compared with that of the polyclonal antibodies against ␤1 (SpETb1) and ␤2 (SpETb2), and with that of the monoclonal anti-␤2 antibody SM-GP50, to look for any evidence of cross-reactivity. As shown below, its reactivity matched that of the polyclonal ␤1 antibody, and no evidence for cross-reactivity with ␤2 was found. Because the distributions of ␤ subunits in cerebellum have substantial overlap, IEC 1/48 was also used on sections of the rat retina, where the ␤2 subunit is expressed at high levels in the photoreceptor inner segments. No cross-reactivity of IEC 1/48 with ␤2 could be detected there (K. J. Sweadner, unpublished observations). Like all of the other antibodies, the mAb against ␤1 also bound to intact cells, indicating that its epitope is on the extracellular surface.
The mAb originally used to detect ␣3, McBX3 (McGrail and Sweadner, 1989; Urayama et al., 1989; McGrail et al., 1991) , has since been determined to recognize a post-translational modification rather than a unique epitope on ␣3 (Arystarkhova and Sweadner, 1996) . The post-translational modification is found on ␣3 in the brain, but not on ␣3 in the heart. McBX3 also crossreacts weakly with ␣1 in the rat and quite strongly with ␣1 from certain other species. For this reason, a new ␣3-specific mAb, XVIF9-G10, was used here. Figure 2 summarizes the cellular specificity of isoform distribution that will be documented in the data that follows. In several structures or cell types, it was possible to assign one or more isoforms of ␣ and ␤. Where asterisks appear in Figure 2 , immunocytochemical evidence for isoforms expression is reported here that was not predicted by previous in situ hybridization studies. Where a pound sign (#) appears, ␣3 was unambiguously found in young granule cells in culture, but was not easily detected in granule cell somas in adult animals. Where question marks appear, stain for the ␤ subunits could not be distinguished from brighter stain in adjacent cells. Figure 3 illustrates the different patterns of staining of each of the five Na,K-ATPase isoforms at relatively low magnification, from the molecular layer (upper left) to the cortical white matter (lower right). The figure demonstrates the complexity of the problem, because no two ␣-␤ pairs had identical distributions. For the molecular layer, the brightest stain was for ␣2 and ␤2. For Purkinje cells and basket cell processes, it was ␣3 and ␤1. For the granular layer, all the isoforms were well represented, but with very different patterns. For the white matter layer, only the ␣3 isoform showed substantial stain. Each of these layers and isoforms will be considered in more detail below. Figure 1 . Isoform specificity of anti-␤ subunit antibodies. Antibodies were used to stain samples of rat brain microsomes (lane 1), rat kidney microsomes (lane 2), the truncated human ␤1 protein (lane 3), and the truncated human ␤2 protein (lane 4 ). Samples were electrophoresed on 10% polyacrylamide gels and blotted to nitrocellulose. Bound antibody was detected by chemiluminescence. The apparent molecular weights of the ␤ subunits and ␤ fragments are indicated on the left. The ␤1 and ␤2 of brain both migrate at 45 kDa (Shyjan et al., 1990) , whereas the ␤1 of kidney migrates at 60 kDa (Sweadner and Gilkeson, 1985) . The two truncated proteins expressed in E. coli are not glycosylated and migrate at 27 kDa; aggregated protein was also present in the preparations, migrating at 60 -90 kDa. The slower-migrating, streaky band stained with SpETb1 and SpETb2 in all lanes is an artifact common to rabbit antibodies. The polyclonal antibodies SpETb1 and SpETb2 showed the expected ␤ isoform specificities. mAb SM-GP50 reacted exclusively with ␤2. Figure  4 B, E shows a double-label experiment, allowing examination of the subtle differences in staining between ␤1 and ␤2. Figure 5 shows more double-label examples in which staining for ␣1 was paired with ␤1, and ␣3 was paired with ␤2. Figure 6 shows four examples of ␣2 alone, because observed variations in the appearance of its stain could lead to different interpretations. In discussing the details of Na,K-ATPase isoform distribution in the molecular and Purkinje cell layers, Figures 3-6 will be considered as a group below. Higher-magnification pictures of the white matter and granular layers appear in Figures 7 and 8.
Cerebellar cortex distributions of five Na,K-ATPase isoforms
The molecular layer
Although all isoforms were represented in the molecular layer, the distribution of stain showed some subtle differences. The ␣3 and ␤1 antibodies (Figs. 3C, 5C for ␣3; Figs. 3D, 4B,C, 5B for ␤1) gave a more punctate appearance than the ␣1, ␣2, and ␤2 antibodies (Figs. 3A, 5A for ␣1; Fig. 6 for ␣2; Figs. 3E, 4D,E, 5D for ␤2), whose stain was very fine-textured and diffuse. The punctae could be synaptic boutons, but their density is too low to be the abundant parallel fiber synapses. It is more likely that they are fine axons, such as the basket cell axons sometimes seen running parallel to the Purkinje cell layer with antibody to ␣3 (not shown), or perhaps the climbing fibers. Stellate cells also send relatively low-density processes through the molecular layer, ramifying in more distal portions than the basket cell processes. There is also some punctate stain of glial fibers cut in cross section and stained with GFAP, but these are at much lower density (McGrail et al., 1991, their Fig. 1 ).
The Purkinje cell layer
Structures stained in the Purkinje cell layer will be described for one isoform at a time. Figures 3A and 5A show the characteristic staining for ␣1. This isoform was not expressed detectably in Purkinje neurons, which appeared as black holes not even outlined by surrounding glial or neuronal processes. Basket cell processes were also unstained. Faint vertical processes could be seen extending into the molecular layer in Figure 3A (also see McGrail et al., 1991, their Fig. 1 ). It is not certain what these are, but three possibilities are Bergmann glia, bundles of granule cell axons, or climbing fibers. We occasionally observed some overlap between the vertical structures stained for ␣1 (seen in Fig. 3A ) and GFAP stain (data not shown); however, the ␣1 stain coincided with the GFAP stain only close to the Purkinje neurons. The lack of clear association of ␣1 stain with Purkinje cell dendrites argues against these fibers being climbing fibers, which also should be more solitary and less straight. The vertical structures stained for ␣1 could be bundles of granule cell axons associated with the Bergmann glial cell as a result of developmental events.
The presence of ␣2 in Purkinje neurons and basket cell processes was more ambiguous. Four examples are shown in Figure 6 to illustrate the variety of staining patterns seen. In some cases, the Purkinje neurons appeared to be ring-stained (Fig. 6C,D) , and clear outlining of the Purkinje cell dendrites was seen occasionally (Fig. 6 A,D, arrows) . In other cases, the Purkinje neurons themselves seemed as unstained for ␣2 as they were for ␣1 (Fig. 6 B) . In most cases, the absence of stain in the basket cell processes was obvious, but occasionally images were seen that resembled basket cell staining (Fig. 6 A, asterisk) ; however, this stain was quite different from that seen with antibodies against ␣3 and ␤1. The presence of both circular and wispy profiles that seemed to be coextensive with irregular stained processes deeper in the granular layer makes it likely that the peribasket staining was actually in astrocytes. What is not entirely clear is whether a subset of Purkinje neurons actually expressed ␣2, as suggested by stain of Purkinje dendrites (Fig. 6 A,D) .
The new mAb against ␣3 stained the same structures reported previously using the McBX3 mAb and a polyclonal antibody (McGrail et al., 1991) , and no new structures were stained. ␣3 staining was seen in the Purkinje cell bodies and prominently in the basket cell processes at their base (Figs. 3C, 5C ). Basket cell axons stained for ␣3 were sometimes seen passing through the molecular layer parallel to the Purkinje cell layer, and basket cell somas were also occasionally seen ring-stained for ␣3 (not shown).
With both antibodies to ␤1 (Figs. 3D, 4A-C , 5B), the Purkinje neurons were outlined and the basket cell processes were clearly stained, but outlining of Purkinje cell dendrites was more visible in Figure 4 A, whereas the fine fibers of the basket were more visible in Figure 4C (also at higher magnification). Figure 4 B shows that the polyclonal antibody against ␤1 stained with substantially the same pattern as the mAb, albeit with higher diffuse background. The similarity suggests that the mAb against ␤1 is indeed specific for ␤1 in this tissue, particularly when contrasted with the stain for ␤2. Cell-specific isoform distribution in cerebellum. This diagram summarizes the distribution of identifiable Na,K-ATPase isoforms in the different layers and cell types of the adult rat cerebellum. A black square indicates high confidence that the isoform is found in the indicated structure, in some cases based not only on immunocytochemistry but also on mRNA localization studies (see Discussion). Asterisks indicate that outlining of Purkinje cell dendrites by antibodies for ␣2 and ␤2 was found, but it is not supported in the literature by identification of mRNA in the corresponding cell bodies. A pound sign (#) indicates that stain of granule cells for ␣3 is light in adult cerebellum. Question marks indicate that ␤1 and ␤2 stain in the granular layer was too bright to allow visualization of either axons or astrocytes.
␤2 distribution is seen in Figures 3E, 4D ,E, and 5D. Figure  4 D,E compares polyclonal and mAbs against ␤2. Purkinje cells were again ring-stained, but no stain of the basket cell processes was visible. The differences between the distributions of ␤1 and ␤2 are best appreciated from two double-label experiments: Figures  3D,E and 4 B,E, where polyclonal ␤1 and monoclonal ␤2 antibodies stained the same sections, double-labeled with FITC-and TRITC-conjugated anti-rabbit and anti-mouse secondary antibodies. The exclusive labeling of the basket cell processes for ␤1 and not ␤2 can be seen. In Figure 3D ,E, Purkinje cell dendrites were outlined by stain for ␤2 but not as clearly by stain for ␤1. Figure 5 shows two other pairs of double-labeled cerebellar sections, contrasting the distributions of Na,K-ATPase ␣ and ␤ isoforms. When mAb against ␣1 and polyclonal antibody against ␤1 were compared (Fig. 5A,B) , there were clear differences in the outlining of Purkinje cells and staining of baskets. It is also notable that the antibody against ␣1 stained the pia and adjacent interstitial substance, whereas the antibody against ␤1 did not. When the mAb against ␣3 and polyclonal antibody against ␤2 were compared (Fig. 5C,D) , both antibodies outlined the Purkinje neurons, but only the antibody against ␣3 stained the baskets.
Glia in the cerebellar cellular layers
It has already been shown that GFAP stain of cerebellar sections does not colocalize clearly with any of the Na,K-ATPase ␣ isoforms (McGrail et al., 1991) , and the same is true of the ␤ isoforms. The principal problem is that GFAP, as a cytoskeletal marker, does not faithfully show the entirety of the astrocyte or Bergmann cell and does not mark the position of membrane processes surrounding neurons. It is notable that no Na,KATPase isoform-specific antibody consistently stained Bergmann glia at a level that stood out against the more diffuse stain of other elements. It would seem that quantitatively, the level of Na,KATPase in the Bergmann glia and other structures is low com- Figure 3 . ␣ and ␤ isoform distribution in cerebellar layers. Cryosections of adult rat cerebellum, previously fixed with methanol, were stained with (A) ␣1-specific mAb, (B) ␣2-specific mAb, (C) ␣3-specific mAb, (D) ␤1-specific polyclonal antibody, and (E) ␤2-specific mAb. G, Granular layer, w, white matter. Note that D and E are the same section, double-labeled with anti-rabbit and -mouse secondary antibodies. The white arrow in D and in E points to Purkinje cell dendrites that are outlined by stain for ␤2 but not for ␤1. . ␤1 and ␤2 isoform distribution in the Purkinje cell layer. Sections of cerebellum were stained with mono-and polyclonal antibodies against ␤1 and ␤2. A, C, ␤1-specific mAb; B, ␤1-specific polyclonal antibody; D, ␤2-specific polyclonal antibody; E, ␤2-specific mAb. In each picture, the molecular layer (m) is at the top and the granular layer ( g) is at the bottom. P, Purkinje cells. The arrow in A marks a Purkinje cell dendrite; the structure marked by the arrow in D is less certain; it could be a blood vessel. C, 1.6-fold higher magnification than A, B, D, E. Scale bars (shown in A and C ): 20 m. pared with that in the granule cell axons that pack the molecular layer. Figure 3 illustrates the staining of white matter within the cerebellar cortex with the various anti-Na,K-ATPase isoform antibodies, comparing the intensity of stain for each of the isoforms with that for the cellular layers. There was remarkably little stain for ␣1 in white matter (Fig. 3A) . This is in contrast with certain other CNS white matter tracts, which sometimes have prominent stain for ␣1 in axons (McGrail et al., 1991) . ␣3 was the only isoform whose staining of white matter was as high or higher than that of the adjacent granular layer (Fig. 3C) . All of the other antibodies (␣2, ␤1, and ␤2) showed low levels of stain in white matter (Fig. 3B,D,E) . Figure 7 shows the transition between the granular layer and the white matter at higher magnification, omitting ␣1 because there was negligible white matter stain to show. Staining for both ␣2 (Fig. 7A) and ␤2 (Fig. 7D) had the pattern characteristic of fibrous astrocytes, as reported previously (McGrail et al., 1991; Lecuona et al., 1996) . When stained for ␣3, axons coursing through the granular layer were seen to be concentrated in the white matter, and in 7B they were seen as tubular or circular Figure 5 . Double-label stain for ␣1 and ␤1, and ␣3 and ␤2. Sections were doublelabeled with mouse and rabbit antibodies. A, ␣1-specific mAb; B, ␤1-specific polyclonal antibody; C, ␣3-specific mAb; D, ␤2-specific polyclonal antibody. The asterisk in A marks a space between pia and overlying layers. In each figure, the molecular layer is in the top right zone, and the granular layer in the bottom left zone, with the Purkinje layer in between. Scale bar (shown in A): 20 m.
White matter
profiles. Staining for ␤1 was more ambiguous (Fig. 7C) . It appeared to be in neuronal processes, but the staining was clearly different from that for ␣3. Because afferent and efferent fibers run in different paths in the cerebellar white matter, one possibility is that both sets of fibers stained for ␣3 (small diameter ones running more or less parallel to the plane of the photograph; larger diameter ones cut in cross section and appearing as circular profiles), whereas only one set of fibers stained for ␤1 (the smaller diameter ones). It is also possible that other cells, perhaps oligodendrocytes, were stained for ␤1, contributing to a more diffuse appearance.
Granule cells and the granular layer
Close examination of the granular layer reveals a considerable amount of detail about Na,K-ATPase isoform distribution (Fig. 8) . The three ␣ isoforms have distinctly different patterns. Antibodies to ␣1 (Fig. 8A) ring-stained the granule cells and brightly stained something in the glomeruli, which are expanded mossy fiber axon terminals complexed with granule cell dendrites and Golgi neuron axon terminals. Antibodies to ␣2 (Fig. 8B) did not convincingly ring-stain the granule cells, but instead stained diffuse processes that insert between and around them, and which are almost certainly the processes of astrocytes. In Figure 1 of McGrail et al. (1991) , GFAP stain was seen in a similar pattern; in Figure 10 (below) the antibody against ␣2 was seen to brightly stain astrocytes in cerebellar cell cultures. ␣2 antibody did not stain glomeruli as a structure distinguishable from the granule cells, and it is likely that astrocytic processes in glomeruli do not have any particular concentration of ␣2 Na,K-ATPase. Antibodies to ␣3 (Fig. 8C ) stained straighter, often visibly tubular structures that seem to be axons; these were never stained for ␣1 or ␣2. It was not possible to determine whether the axons were descending Purkinje cell axons or ascending mossy or climbing fibers. Glomeruli, however, were stained diffusely for ␣3. In rare cases, some ring-staining of granule cells has been seen with the ␣3 antibody. Figure 8 D shows an example in which tearing of the section separated some granule cells from adjacent Purkinje neurons and baskets, and the granule cells were visibly, if lightly, stained (arrow).
In contrast to the ␣ isoforms, the two ␤ isoforms showed staining patterns that were very similar to one another in the granular layer (Fig. 8 E,F ) . Both of them ring-stained granule cells clearly, and both stained glomeruli (asterisks). Neither of them stained axons passing through the granular layer, and neither of them stained astrocytes unambiguously. In both cases, light stain of these structures simply may not be visible in the background of the granule cells and glomeruli. In fact, the granular layer staining for ␣1 and ␤2 was difficult to distinguish; staining of the glomeruli by ␤1 was somewhat lighter, but still visible.
In double-label experiments, a correspondence could be seen in the stain of glomeruli between ␤1 and ␤2 (Figs. 3D,E, 4B,E) , between ␣1 and ␤1 (Fig. 5A,B) , and between ␣3 and ␤2 (Fig.  5C,D) . 4 outlined by antibodies for ␣2. The black asterisk in A marks a concentration of stain for ␣2 at the base of the Purkinje cell that in some ways resembles basket cell processes, but these structures are stained much more clearly for ␣3 in Figures 3C and 5C . In Fig. 6C , the white arrow marks stained circular profiles close to the Purkinje cell bodies that may be glial processes. These are too small (2-3 m diameter) to be granule cells (5-8 m diameter). Scale bar (shown in A): 20 m. Figure 9 shows Western blots of Na,K-ATPase subunits expressed in cerebellar granule cell cultures. Rat brain cerebral microsomes were used as a positive control for the antibodies. All of the Na,K-ATPase isoforms were detected in the cultures, and their proportions were similar to those found in the microsomes.
Granule cells and astrocytes in coculture
Figures 10 and 11 show the expression of each isoform in neurons and glia, along with stain for the glial marker GFAP and phase-contrast images. Granule cells by far outnumber other neurons in the cerebellum, and we did not observe any survival of large neurons such as Purkinje cells. When there were a large number of glial cells, the granule cells adhered to them and Figure 7 . Isoforms in axons and glia in cerebellar white matter. The box to the right of each figure shows the approximate location of the boundary between the granular layer and the white matter in each picture. A, ␣2-specific mAb; B, ␣3-specific mAb; C, ␤1-specific mAb; D, ␤2-specific polyclonal antibody. ␣2 and ␤2 appear to stain white matter astrocytes. The very different appearance of stain for ␣3 and ␤1 is striking; it should be noted that the examples shown were from the same set of sections and were stained at the same time. Scale bar (shown in A): 20 m.
remained spread out on the coverslip. When there were few glia, the neuronal cell bodies gathered into clumps, and bundles of processes extended between the clumps.
The antibody to ␣1 ring-stained granule cell neurons in culture as it did in adult animals in cerebellar sections. Neuronal processes were clearly stained as well (Fig. 10 A) . Astrocytes in the same cultures, identified by GFAP stain (Fig. 10 B) , were usually stained much more lightly for ␣1 than the neurons, although occasionally brightly stained GFAP-positive cells were seen. Unlike ␣1, ␣2 stain was seen exclusively in astrocytes (Fig. 10 D) . It was characteristic that the stain uniformly labeled the surface of the cells and generally showed more detail than the GFAP stain (Fig. 10 E) , because bundles of glial filaments tend to be concentrated in the cytoplasm. This corresponded to the staining pattern seen in tissue sections, where the antibody against ␣2 stained processes between neurons more completely than GFAP (Figs. 6,  7A, 8B ). The antibody against ␣2 was a particularly good marker for astrocytes in these cultures. On the basis of the scanty stain of cells in the granular layer for ␣3, we were surprised to see abundant ␣3 expressed in the blots of cultures in Figure 9 . This ␣3 proved to be exclusively in neurons, and more interestingly, ringstaining of the granule cell bodies was seen, as well as of the neuronal processes (Fig. 10G) . The absence of clear ␣3 cell body staining in sections (above) could be attributable to age-related differences or to a loss of polarity in culture.
The antibodies against each ␤ subunit also stained the granule neurons, as shown in Figure 11 . mAb to ␤1 ring-stained the granule neurons brightly, as well as staining processes (Fig. 11 A) . A longer exposure of the same field showed that GFAP-positive astrocytes also were stained very faintly ( Fig. 11 B) ; GFAP is shown in 11C. Polyclonal antibody to ␤2 stained granule neurons, neuronal processes (devoid of the GFAP marker), and GFAP-positive astrocytes (Fig. 11E) . Preliminary studies with an antibody against ␤3 showed Figure 8 . Isoforms in the granular layer. Sections were stained with (A) ␣1-specific mAb, (B) ␣2-specific mAb, (C, D) ␣3-specific mAb, (E) ␤1-specific mAb, (F ) ␤2-specific polyclonal antibody. Asterisks in A, D, E, and F indicate typical glomeruli. In D, the P marks a Purkinje neuron that also has brightly stained basket processes adhering to it. The arrow lies on a tear in the section and points to a group of presumptive granule cells that are lightly ring-stained for ␣3. Scale bar (shown in A): 20 m. Figure 9 . Isoform composition of cerebellar granule cell cultures. Samples of membranes from rat forebrain (lane 1) and rat granule cell cultures (lane 2) were electrophoresed on a 10% polyacrylamide gel and blotted to nitrocellulose, and the blots were stained with isoform-specific antibodies. ␣1, ␣2, ␣3, and ␤2 staining used mAbs; ␤1 was stained with 757␤, an antiserum against a peptide from the N terminus of ␤1 that works well on blots (Sun and Ball, 1992) . All of the isoforms found in the brain were also found in the 7-d-old cultures.
light staining qualitatively similar to that for ␤1 and ␤2: expression in both neurons and glia (data not shown).
DISCUSSION
Isoform distribution in the cerebellum
Comparing the cellular distributions of the Na,K-ATPase isoforms makes it possible to document the diversity of ␣-␤ pairing and to clarify some controversial issues. The three ␣ isoforms have distinctive distributions in the cerebellum (Brines et al., 1991; McGrail et al., 1991; Watts et al., 1991) . Early reports on location of ␤1 and ␤2 as unidentified mAb epitopes seemed to conflict (Hirn et al., 1982; Antonicek et al., 1987; Beesley et al., 1987) . Magyar et al. (1994) stained P17 mouse cerebellum with antibodies that recognized ␤1 and ␤2, but the patterns were so similar we postulated that the antibodies could have been cross-reacting. Here, after eliminating cross-reactivity and using two different antibodies for each isoform, we found ␤1 and ␤2 distributions in the granular layer and molecular layer that were similar except in the Purkinje neurons and adjacent basket cell processes, which were stained more clearly for ␤1. Stain for ␤2 in these structures or in unidentified processes under the Purkinje cells has been reported as well (Beesley et al., 1987 Lecuona et al., 1996) . Coupled with the observation that granule neurons display ␤2 in addition to ␤1, we can conclude that coexpression of the two ␤ isoforms predominates in cerebellar cortex. In contrast, the two ␤ isoforms have different distributions in cerebellar white matter and also are partially segregated in the rat retina (R. K. Wetzel and K. J. Sweadner, unpublished observations). One of the most controversial questions has been the isoform composition of the cerebellar granule neuron. In situ hybridization signal for ␣1 predominated in the granular layer (Brines et al., 1991; Hieber et al., 1991; Watts et al., 1991) , as did immunostain for the protein, which unambiguously ring-stained the granule neurons (McGrail et al., 1991) . Signal for ␣2 mRNA was scattered in the granular layer (Brines et al., 1991; Watts et al., 1991) . Immunostain for ␣2 did not ring-stain the granule neurons but had the wispy and irregular pattern of astrocytes, which do not surround every granule cell (McGrail et al., 1991) . Here, ␣2- Figure 11 . ␤ isoforms in cerebellar granule cell cultures. Cultures were prepared and stained as in Figure 10 . A, B, ␤1 was stained with mAb; B is a longer exposure of A that illustrates the faint stain of astrocytes. C, Double-label staining was with a polyclonal antibody against GFAP. E, ␤2 was stained with polyclonal antibody; F, double-label staining was with a mAb against GFAP. D, G, Phase contrast. Neuronal somas, neuronal processes (free of glial stain), and astrocytes were stained for both ␤1 and ␤2. Scale bar (shown in A): 20 m.
specific antibody stained only astrocytes in culture, not granule neurons. Light in situ hybridization signal for ␣3 was seen over the granular layer (Schneider et al., 1988; Brines et al., 1991; Hieber et al., 1991; Watts et al., 1991) , but the cells of origin were unclear, perhaps Golgi cells. Immunostain for ␣3 was relatively light in adult rat cerebellum (McGrail et al., 1991) , and much of it appeared to be in glomeruli or axons passing through, which should not contribute much mRNA signal. Cameron et al. (1994) stained rat and monkey cerebellum for ␣3 protein; their figures show stain not very different from the ␣3 stain shown here. Granule neurons isolated from P8 rat cerebellum contained equal signals for ␣1 and ␣3 when membrane preparations were tested on immunoblots, however (Cameron et al., 1994) , and neither glomeruli nor axons of passage should have contaminated the samples. On the basis of finding ␣3 in P7 granule cells cultured for 1 week, the conclusion is that ␣3 is probably present, but at a quantitatively lower level than ␣1 in the adult.
A similar degree of controversy surrounds the expression of ␤ isoforms in cerebellar granule neurons. Antibody BSP-3 (later shown to bind to ␤1) stained both granule cells and astrocytes (Hirn et al., 1982) . Antibody to AMOG (later shown to be ␤2) did not stain external granule layer cells early in mouse cerebellar development (P5), but stained Bergmann glial cells in contact with migrating granule cells (Antonicek et al., 1987) . In cells dissociated from P6 mouse cerebellum, astrocytes expressed ␤2 mRNA and protein, whereas neurons did not (Antonicek et al., 1987; Pagliusi et al., 1990) . In apparent agreement, ␤1 protein was found in isolated P8 rat granule neurons and ␤2 in cultured cortical (not cerebellar) astrocytes (Cameron et al., 1994) . In apparent contradiction, the early work on GP-50 (like AMOG, also later shown to be ␤2) indicated that it was specific to granule cells in adult rats (Beesley et al., 1987) . ␤2 was found in cultured granule neurons without or with (Antonicek et al., 1987; Gloor et al., 1990 ) expression in astrocytes. Pagliusi et al. (1990) and Magyar et al. (1994) also showed in situ hybridization signal for ␤2 in the internal granular layer in animals of various ages, including adult; grains seemed to be over granule neurons as well as presumptive Bergmann glia and astrocytes. The results presented here are consistent with the expression of ␤1 and ␤2 in adult and cultured rat granule cells, and with a relatively low level of expression of ␤1 and ␤2 in cultured cerebellar astrocytes. Thus key elements of apparently contradictory previous reports are confirmed or clarified.
The predominant expression of ␣3 and ␤1 in Purkinje neurons has been reproducible (Hirn et al., 1982; Hieber et al., 1989; Brines et al., 1991; McGrail et al., 1991; Watts et al., 1991; Cameron et al., 1994; Magyar et al., 1994) . The Purkinje neuron has a remarkable absence of stain for ␣1, either in the plasma membrane or in any closely apposed synaptic terminals or glial processes. The "black hole" appearance is unexpected, because ␣1 is thought to be a housekeeping isoform with upstream regulatory elements that should result in expression at some level in most cells (Kobayashi and Kawakami, 1995) . Outlining of Purkinje cell soma and dendrites by antibodies for all of the other isoforms was seen here, including ␤2 and ␣2. This has been reported before for ␤2 (Beesley et al., 1987; Magyar et al., 1994; Lecuona et al., 1996) , and an example of ␣2 outlining of a presumptive Purkinje cell dendrite can be seen in McGrail et al. (1991) . A question is whether the apparent absence of ␣2 and ␤2 mRNA in this cell is complete or only relative, or whether there is expression in surrounding cell processes that have no detectable ␣1.
Patterns of isoform expression in excitatory and inhibitory neurons
The complex geometry and physiology of CNS neurons must be considered when investigating the distribution of Na,K-ATPase isoforms. Purkinje neurons, for example, fire Na ϩ action potentials only in their somas and axons and have predominantly Ca 2ϩ spikes in their dendrites; intracellular Na ϩ transients have correspondingly been detected in the distal portions but not in the dendrites (Lasser-Ross and Ross, 1992) . One would expect Na,KATPase to be where Na ϩ movements are pronounced, and one would expect it to be most physiologically important in fine processes where a finite amount of Na ϩ and K ϩ flux would have the largest impact on transmembrane gradients. Selective routing of Na,K-ATPase isoforms to dendrites or axons has been noted for hippocampal pyramidal cells in situ (McGrail et al., 1991) and for reaggregate telencephalic cultures (Brines and Robbins, 1993) but not for cultured hippocampal neurons (Pietrini et al., 1992) . In the cerebellum, the finest and most abundant processes are the bifurcating axons of the granule cells in the molecular layer, where antibodies against all five Na,K-ATPase isoforms stained.
It is plausible that different Na,K-ATPase isoforms could be important for cells with different modes of neurotransmission. On the presynaptic side, conventional vesicular release mechanisms entail tight control of Ca 2ϩ movements, and Na,K-ATPase could be important for its role in Na ϩ /Ca 2ϩ exchange. Release of transmitters like GABA via reversal of Na ϩ -dependent plasma membrane carriers could present a quantitatively larger Na ϩ transport challenge and require an isoform with different Na ϩ affinity or other properties. Retinal horizontal cells, for example, may use this transmission mode (Attwell et al., 1993) , and they have high levels of both ␣1 and ␣3 (McGrail and Sweadner, 1989) . On the postsynaptic side, restoration of Na ϩ and K ϩ gradients should be quantitatively more important for excitatory synapses with gated Na ϩ and Ca 2ϩ conductances than for those dominated by changes in chloride conductance. Different levels of neuronal Na,K-ATPase could also be required when the recapture of transmitter via Na ϩ -dependent carriers is or is not provided by adjacent glia.
We can point out examples that suggest that the neurotransmission mode is not a predictor of Na,K-ATPase isoform type. Purkinje neurons and basket cells, for example, are both inhibitory in the cerebellum, and both express predominantly ␣3 and ␤1. The ganglion cell of the retina, however, also expresses predominantly ␣3 and ␤1 (R. K. Wetzel and K. J. Sweadner, unpublished observations), and it is excitatory. The granule cell is exclusively excitatory, but ␣1 is its predominant isoform, and ␣1 seems to pair with both ␤1 and ␤2. The photoreceptor is also excitatory, but there the isoform combination is ␣3 with ␤2. In the cerebellum, stellate and Golgi neurons, both inhibitory interneurons, were never seen to be stained for any Na,K-ATPase isoform above the background of other cells, contrasting with the bright stain of the basket cell termini. The ascending excitatory input to the cerebellum also differed. Climbing fibers were not visible against the background, but mossy fiber terminals, with their tangle of Golgi fiber terminals and granule cell dendrites, were stained for ␣1, ␣3, ␤1, and ␤2. The mossy fibers use excitatory transmission, whereas the Golgi fibers are inhibitory.
Na,K-ATPase isoform expression in astrocytes
Astrocytes show variability in the Na,K-ATPase isoforms expressed. In studies of cultures of cortical astrocytes, we have observed differences between rats and mice (Sweadner et al., 1995) . From the mouse, typical flat astrocytes expressed ␣1, ␣2, and ␤2, whereas from the rat, similar cultures expressed only ␣1 at comparable levels, with a paucity of either known ␤ subunit. Rat astrocyte cultures containing more complex astrocyte types expressed ␣2 as well as ␣1, but still very little ␤. This was mirrored in cerebellar astrocytes here; they expressed ␣2 at high levels, but compared with the stain of neurons, stain for ␣1, ␤1, ␤2, or ␤3 was light.
Staining of astrocytes in CNS white matter by anti-Na,KATPase holoenzyme antibodies has been shown to colocalize with stain for GFAP (Ariyasu et al., 1985) . Similar patterns have been noted for ␣1 and ␣2 in optic nerve (McGrail and Sweadner, 1989) , for ␣2 in brainstem (McGrail et al., 1991) , and for ␤2 in optic nerve and spinal trigeminal tract (Magyar et al., 1994; Lecuona et al., 1996) . In situ hybridization signal is particularly convincing, because only glia have mRNA locally in white matter: both ␣2 and ␤2 mRNA signal has been reported by some Watts et al., 1991; Magyar et al., 1994) but not all investigators (Brines et al., 1991) . The present evidence indicates that the fibrous astrocyte typical of white matter expresses ␣2 and ␤2 in the subcortical white matter of the cerebellum.
Conclusion
Are there "neuronal" and "glial" isoforms of the Na,K-ATPase? It has been suggested that ␣3␤1 is the combination typical of neurons and ␣2␤2 the combination of astrocytes, with ␣1 found in both classes of cells (Corthesy-Theulaz et al., 1990a,b; Cameron et al., 1994) . This is based mostly on observations on the neurons and glia that are easiest to identify: large projection neurons and white matter astrocytes. Although only neurons express ␣3 in the CNS, it is not always expressed exclusively. Even in tracts of myelinated axons, some have predominantly ␣3, whereas others have both ␣1 and ␣3 (McGrail et al., 1991) . It seems that a preponderance of ␣2 is in astrocytes (Corthesy-Theulaz et al., 1990a,b; McGrail et al., 1991) , but ␣2 can be expressed in neurons as well, as documented for hippocampal pyramidal cells (Filuk et al., 1989; Brines et al., 1991; McGrail et al., 1991; Stahl et al., 1993; Cameron et al., 1994) and other cells (McGrail and Sweadner, 1989; McGrail et al., 1991; Watts et al., 1991) . Similarly for the ␤ subunits, ␤1 and ␤2 are found in some neurons and some glia. Neurons, consequently, can express any of the Na,K-ATPase isoforms, and glia all but ␣3.
The cellular architecture of the cerebellum is completely unaffected in ␤2 knockout mice (AMOG 0/0) (Magyar et al., 1994) , suggesting that ␤1 or other uncharacterized ␤ subunits can perform any critical functions of ␤2. Similarly, grafts of brain tissue from AMOG 0/0 mice have been shown to survive as healthy tissue in host mice for as long as 2 years, without invasion of cells expressing ␤2 (Isenmann et al., 1995) . The knockout mice do die at P17-18, however, with enlarged ventricles and spongiform lesions in the brainstem representing vacuolization of astrocytes apposed to blood vessels (Magyar et al., 1994) . ␤2 seems to be essential for ion transport in these cells, and the resulting impairment of vital systems leads to death. ␤2 is also expressed in a very specialized neuron, the photoreceptor cell (Schneider and Kraig, 1990; Magyar et al., 1994) , which also degenerated in the knockout mouse.
A complex picture of Na,K-ATPase isoform expression in the cerebellum has been presented here. When all of the evidence is considered, it would be most conservative to conclude that Na,KATPase isoform expression is idiosyncratic in the CNS. ␤2 in particular, which has been considered at different times to be unique to either neurons or glia, is clearly shown to be expressed in the cerebellar granule cell, which is the single most abundant neuronal cell type in the brain.
